Randomly amplified polymorphic DNA (RAPD) profiles are currently being developed for Laccaria and Hydnangium species and Rhiwcfonia solani. The technique is increasingly being used to differentiate fungal isolates. As for the polymerase chain reaction (PCR) from which it was derived, the conditions necessary for reproducible RAPD products have received attention. However, in contrast to the PCR reaction, the technique relies on non-specific primers and as a consequence the reaction conditions are not necessarily as specific as they are in PCR. Compared with PCR products, RAPD fingerprints were therefore more sensitive to reaction and thennocycle conditions. RAPD products produced using 10 and 17-23 mer primers were visualized on ethidium bromide stained p~l~acrylarnide electrophoresis gels. Factorial experiments showed RAPD patterns were altered by changes in various reaction mixture components including the concentration of non-DNA impurities, the number and concentration of primers and the DNA polymerase enzyme type, source and concentration. These factors, particularly the enzyme source, reacted differently with the magnesium chloride concentration. Fluorescent dye labelled primers were used with internal lane standards in a DNA sequencing system to assess accurately the molecular weights and relative amounts of reaction products. Attachment of the fluorescent label appeared to favour the synthesis of some fragments compared with others on patterns visualized on ethidium bromide stained non-denaturing polyacrylamide gels. The temperature at which DNA was denatured in the first cycles altered the fingerprints. Reaction mixture temperatures of 9 4 ' or higher, compared with 91-93O, caused loss of visual yield of some products, particularly those greater than 500 base pairs, and increased the yield of others. Reproducibility of RAPD patterns, when the reaction mixture and temperature profile factors were varied, was facilitated by cross reference to fluorescently labelled bands separated with internal lane standards in a DNA sequencing system. Reproducibility of fingerprint patterns in a standard reaction mixture was achieved, with different thennocycle programmes and in different thennocyclers when the temperature profile was reproduced, suggesting that particular RAPD fingerprints may be reproduced in any laboratory provided the same set of reaction and thermocycle conditions are used. DNA fingerprinting is a technique which has been widely adopted in order to differentiate among organisms at the species and subspecies levels (Maclean ef al., 1993). Restriction fragment length polymorphism (RFLP) analysis has been used successfully to distinguish closely related fungi (Forster et al., 1987; Levy ef al., 1991). This technique is time consuming and requires large quantities of DNA and specific probes. Recently Williams ef al. Welsh & McClelland (1990) described a technique which makes use of single species of arbitrary primers to amplify DNA polymorphisms (RAPD) using a modified polymerase chain reaction (PCR, Sadu et al., 1988). The electrophoretic pattern of the fragments generated by each primer for an isolate can be used as a DNA fingerprint for assaying diversity. The advantages of this technique are that it is economical in time, it does not require target sequence information and it can provide markers in genomic regions not accessible to RFLP analysis (Williams et al., 1990) .
DNA fingerprinting is a technique which has been widely adopted in order to differentiate among organisms at the species and subspecies levels (Maclean ef al., 1993) . Restriction fragment length polymorphism (RFLP) analysis has been used successfully to distinguish closely related fungi (Forster et al., 1987; Levy ef al., 1991) . This technique is time consuming and requires large quantities of DNA and specific probes. Recently Williams ef al. (1990) and Welsh & McClelland (1990) described a technique which makes use of single species of arbitrary primers to amplify DNA polymorphisms (RAPD) using a modified polymerase chain reaction (PCR, Sadu et al., 1988) . The electrophoretic pattern of the fragments generated by each primer for an isolate can be used as a DNA fingerprint for assaying diversity. The advantages of this technique are that it is economical in time, it does not require target sequence information and it can provide markers in genomic regions not accessible to RFLP analysis (Williams et al., 1990) .
In addition, double primed reactions may be used to increase the number of bands of a fingerprint and to produce bands different from those of reactions primed by either primer species (Williams et al., 1990) . RAPD analysis enables differentiation between very closely related organisms due to the high resolution of the technique (Ronald ef al., 1992; Megnegneau e f al., 1993) . Fungal strain identification, ecophysiological studies, breeding and mapping can use RAPD analysis to identify characters (Williams et al., 1990; Ronald e f al., 1992; Roy e f al., 1992; Megnegneau ef al., 1993) . This paper describes the role of some reaction mixture components and thermocycle temperature profiles in determining the reproducibility of RAPD fingerprints of three basidiomycete fungi. It responds to anecdotal and published (Weeden et al., 1992) evidence that particular RAPD results are not reproducible amongst cooperating groups in different laboratories. It also reports on the use of fluorescent dye labelled primers in M P D assays and the analysis of electrophoresed fragments after computer alignment which can improve the resolution and accuracy of fingerprint identification.
MATERIALS A N D METHODS
Isolates of Laccaria laccafa (Scop. ex Fr.) Berk. & Broome, Rhizocfonia solani Kiihn anastomosis group 8 (AG8) zymogram group (ZG) ZG1-1 unless otherwise stated (ZG groups as in Yang ef al., 1993) . Hydnangium sublamellafum Bougher, Tornmerup & Malajezuk and Hydnangium sp. were grown in liquid culture. Experiments have been repeated using mycelia grown in 3-4 different media and at different temperatures, in the range 15-2s°C. The growth rate at 25' was more than double that at 15' and such differences can affect the amount of DNA extracted from a given weight of mycelium. Genomic DNA was extracted using the method of Raeder & Broder (1985) . Additional purification of the DNA was carried out using the CsCI, method described by Yoon ef al. (1991) and DNA Capture Reagent (Bethesda Research Laboratories). DNA levels were measured using a Hoefer minifluorimeter (Labarca & Paigen, 1980) . RAPD reactions were conducted in a 25 pl volume containing 67 mM Tris-HC1 pH 8.8, 16-6 mM (NH4),S04, 0.2 mM each of dATP, dGTP, dCTP and dTTP, 0.02 % gelatin, 0.45 % Triton X-100,2-50 ng genomic DNA, 2-6 mM MgCl,, 1 p~ primer (unless stated otherwise) and 0.5-2 units of thermostable DNA polymerase. The enzymes were from as follows: Promega (PT), Perkin Elmer (AmpliTaq, AT), Biotech International (BT) and Tth polymerase also from Biotech International, (TH). Primers were AB2, R1, ML5 and ML6 (sources as in Tomrnerup, 1992; Duncan et al., 1993 ; R1 5'-GTCCATTCAGTCGGTGCT-3', AB2 5'-CCGTGACTCA-3', ML5 5'-AAGGAACTCGGCAAATTATCCTC-3' and ML65'-CAGTAGAAGCTGCGATAGGGTC-3'). Fluorescent dye labelled primers were synthesized and purified according to procedures outlined in the Applied Biosystems Inc. (ABI) instruction manual. Amplification conditions for defining reaction mixture components for R1, ML5 and ML6 primers were as follows: 2 cycles of 94O for 5 min, 48' for 5 rnin and 72' for 5 rnin and then 40 cycles of 94' for 1 min, 6 0 ' for 1 rnin and 72' for 2 rnin followed by 10 rnin at 72'; and for AB, primer were: 94' for 1 min and 40 cycles at 94' for 1 min, 3.5' for 1 rnin and 72' for 2 rnin followed by 10 rnin at 72' . Standard amplifications were performed using the plate (block) temperature setting and fastest possible ramp in a Hybaid thennocycler supplied with an internal temperature verification system and digital readout. The effects on fingerprints of variations in the temperature cycle were achieved using combinations of the ramp, plate and tube options (as in the manufacturer's manual) and the standard reaction mixture with 1 unit of enzyme and 2 mM MgC1,. Variations of the temperature cycles for individual experiments are described in the text. Experiments using different thermocyclers are also described in the text.
Fingerprints were produced by electrophoresis of 5 p1 aliquots of the reaction in 4.5% or 6 % acrylamide nondenaturing gels run in TBE (0.45 M tris borate 0.001 M disodium ethylenediaminetetraacetate) buffer at 50 V for 8 h, stained with 1 vg ml-' ethidium bromide, photographed under uv light, and base pair (b) sizes measured from size markers included in every gel (Sambrook ef al., 1990) ; size markers of two fragments, in base pairs, are drawn on each figure. Reactions using fluorescent dye labelled primers were run on non-denaturing gels as above or on denaturing 3% acrylamide, 50% urea gels and tracked using the 373 sequencer and 672 Genescan analysis softwear (ABI). Size markers were included in each well.
RESULTS
The primers used in this study yielded fingerprints that distinguished L. laccata, R. solani and Hydnangium sp. (Fig. 1) . For each isolate, fingerprints were the same, irrespective of media or growth conditions. The fingerprints for these organisms were not improved by additional procedures such as the use of CsCI, or DNA capture reagent (Fig. 2) . Varying the DNA concentration over the range 25-2.5 ng did not affect the fingerprint in R. solani but the lower concentrations increased the number of bands in L. laccafa and Hydnangium sp. patterns (Fig. 4) . The prominent bands in the fingerprints were not affected by reducing the amount of enzyme from 2 to 1 unit, but there was loss of pattern for low DNA concentrations at 0.5 units of enzyme (Fig. 3) . The fingerprint patterns for each enzyme and primer combination were different (Fig. I) . Enzymes from different sources produced different fingerprints for each combination of isolate, primer and MgCI, concentration (2-6 m~) (Fig. I) . The greatest numbers of bands were produced for AB2 with enzyme BT (Fig. 1) and similarly for R l and ML5 irrespective of the MgCI, concentration. However, the MgC1, concentration affected the number of bands produced by each enzyme. For example, there were more bands at 2 mM MgCI, with enzyme TH, than at 3-6 mM MgCl, but, for BT most bands were at 4 mM MgCl,.
While the reaction components are important in defining a RAPD reaction, the temperature profile also needs to be defined for each combination of thermocycle programme, primer and fungus. The thermocycler used in the following set of experiments enabled conditions to be defined in terms of either the plate (block) temperature or the temperature of the reaction mixture in the tube. The results indicate that such settings influence the fingerprints. For example, all or most products for ML5 and a substantial portion for AB2, RI and ML6 single primed fingerprints were lost when the programme used the tube rather than the plate option, both with the fastest possible ramping rate (Figs 1, 7) . The plate setting of the thermocycler provided for reaction conditions in which the actual temperature of the reaction was less when ramping up and more when ramping down to a set temperature (Figs 5, 6) . Hence, the annealing temperature was higher and the extension and denaturation temperatures lower than the set temperatures. While the duration at the set temperature of the plate was specified by the programme, that of the reaction mixture was different. For example, for a 1 rnin cycle, the highest temperature when ramping up was 1.5' below the set temperature and when ramping down 0.5' above the set temperature. For 45-55 s of this minute, the reaction mixture differed from the set temperature by 2-3' . In contrast, when the thermocycler was programmed to measure the temperature of a reaction mixture (tube option) there was no fixed plate temperature. The plate temperature exceeded the programmed ) for AB2 and TH lanes X-Z, and BT lanes X-Z compared with TH lanes 2 and BT lanes 2 respectively: lanes 2 had the standard 10 mer thennocycle programme (plate option); lanes X had the 10 mer programme modified (tube option) so that the temperature in the reaction mixture was the same as the plate temperature profile in the standard programme; lanes Y had the temperature profile in the reaction mixture modified so that the h s t minute was at 94O and the remainder the same as the standard 10 mer programme; lanes Z had the same temperature profile in the reaction mixture as that using the standard 10 mer programme but, the thermocycler had been programmed manually using various ramping rates and plate temperature combinations.
temperature when ramping up to a set point and was lower when ramping down. The temperatures measured in the tube corresponded to the set temperatures. A series of experiments was run to establish whether it was the denaturing, annealing or extension temperatures, or a combination of them, which contributed to loss of pattern when the tube setting was used. The results showed that only the different denaturation temperature affected the pattern and the effect could be induced in the early cycles. The fingerprint was lost when the thermocycler was programmed so that the denaturation temperature in the reaction mixture of the first cycle of the programme for the 10 mer and 17-23 mer primers was 94' and the remainder of the programme the standard one (Figs 1, 7) . Loss of fragments was greater than when the enzyme concentration was halved. For example, Hydnangium sp. with primer R l had four fragments when the initial denaturation temperature was 94', twelve when it was 93' and eight with half the enzyme at 93O (Fig.  3 and data not shown). Moreover, using programmes with the higher initial temperature, most fragments larger than 1-2 kb were lost (Figs 1, 7) . Experiments involving the three fungi, four primers, BT and TH enzymes and different combinations of ramp rate and tube or plate temperature options to programme the thermocycler, showed that RAPD patterns and DNA of L. laccafa (lanes 1-3) and R. solani (lanes 4-6) prepared using (lanes 1,4) standard extraction procedure, (lanes 2,s) CsCI, and (lanes 3, 6) DNA capture reagent. Fig. 3 . Fingerprints of Hydnangium sp. produced by primer Rl, three levels of enzyme BT (lanes 1, 2) 2 units, (lanes 3, 4) 1 unit and (lanes 5, 6) 0.5 units, and two levels of DNA (lanes 1, 3, 5) 25 ng and (2, 4, 6) 12.5 ng. Fig. 4 . Fingerprints of L. laccata (lanes 1-3) , R. solani (lanes 4-7) and Hydnangium sp. (lanes [8] [9] [10] [11] produced with enzyme BT, primer RI and DNA concentrations of (lanes 1, 4, 8) 25, (lanes 2, 5, 9) 10, (lanes 3, 6, 10) 5 and (7, 11) 2.5 ng.
were repeatable provided the temperature profiles in the reaction mixture were reproduced for all cycles (Fig. I) . In addition, provided the same temperature profile was used identical fingerprints were produced on different thennocyclers (data not shown).
Double primed reactions of ML5 and ML6 primers produced fingerprints for L. laccata, Hydnangium sp. and R. solani (ZGI-I) which differed from those of the individual single primed reactions (Fig. 7) . Changes to the thermocycle and reaction mixture conditions markedly affected the number of bands. When the thermocycle programme was changed from plate to tube option the fingerprint for R. solani was lost (Fig. 7) . For L. laccafa and Hydnangium sp., a single band remained. In factorial experiments involving primer, DNA and enzyme concentrations, the same results as modifying the thermocycler programme could be achieved for double primed ML5 and ML6 reactions with R. solani and single primed reactions for all three fungi by reducing the primer and DNA concentration (Fig. 7) . In these experiments pattern was progressively lost when each of the primers was supplied at 0.5 or 0.25 PM and DNA at 6.25 ng. Reduction of enzyme levels from 1 to 0.5 units at 0.25 WM primer and 12.5 ng DNA had similar effects represents the temperature profile in the reaction mixture when it mimics that of the plate temperature ~rofile, for all cycles, in the standard programme (programme modified to use tube option). In Fig. 6 , A-. . -A represents the temperature profile in the reaction mixture when the thermocycle programme was modified so that the first minute was 94' and the remainder of the profile the same as .-. (Fig. 6 , standard 10 mer one).
(data not shown). Results were similar for single and double primed reactions of sixty other isolates of R. solani ZGI-I (data not shown). However, in ML5 and ML6 double primed reactions, R. solani ZG2 isolates produced a single band, as in L. laccafa and Hydnangium sp. (Fig. 7) , and they were also formed using the lower concentrations described in the factorial experiments (data not shown). Single and double primed reactions proved very useful in separating closely related isolates within the same species (Fig. 8) . Fluorescent dye labelled ML5 primers changed the amount and/or number of fragments visible with ethidium bromide staining of non-denaturing gels. They did not, however, change the capacity to distinguish isolates (Fig. 8) .
I. C. Tornrnerup, J. E. using 1 w primer ABZ, 2 m~ MgCI,, 1 unit of enzyme BT and 25 ng DNA, and four strains of R. solani (lanes 7-14) using 1 w primer ML5 (lanes 7, 9, 11, 13) and fluorescently labelled ML5 (lanes 8,10, 12, 14), 4 mrn MgCl,, 1 unit BT and 50 ng DNA.
Genescan analysis increased the sensitivity of DNA band detection enabling the quantitative and qualitative comparison of products (Fig. 9, Table I ). RAPD profiles, of different individuals, that were computer aligned using standards in each lane, were overlaid for easy and efficient comparison of data for L. laccafa, R. solani ZGI-1 and Hydnangium sp. (Fig. 9) . Double bands of R. solani and L. laccafa at 683-693 and -Bands at 648-655 b from R. solani and L. laccafa were shown to be different in size and amounts of amplification. Genescan analysis of closely related isolates of R. solani (AG8) showed both quantitative and qualitative differences in the RAPD patterns. Isolates from ZG1-I and ZG2 shared a band of 516 b. The ZG1-1 isolates shared two bands 428 and 523 b which did not appear in the ZG2 isolate but nevertheless had 10-fold quantitative differences (Table I) .
DISCUSSION
The first reported use of RAPD reactions stressed that molecular markers for analysing intraspecific taxonomic and functional relationships among organisms and for breeding could be deduced from randomly primed reactions (Williams ef al., 1990; Welsh & McClelland, 1990) . Subsequent use of the technique by many different researchers has resulted in the adoption of diverse reaction conditions specifically adapted to deal with problems associated with particular groups of organisms. To use the technique routinely to distinguish individuals or groups of related organisms (Williams ef al., 1990, Crowhurst ef al., 1991) optimization of reaction conditions for the taxa being studied is essential so that a standard set of conditions can be adopted for the purpose of reproducibility. DNA quality is of considerable significance as the presence of non-DNA contaminants in the DNA can inhibit the action of the DNA polymerase enzyme. The present results indicate that the method adopted for preparation of L. laccafa, R. solani and Hydnangium sp. DNA was adequate (Fig. 2) . Thus aude DNA preparations of these fungi may be used for RAPD reactions and contamination contributing to variability, among batches of DNA, eliminated by appropriate dilution of DNA. DNA concentration is important in PCR reactions as excessive amounts of template can cause the primer and enzyme levels to become limiting at early stages in the amplification process (Ruano et al., 1991) . A reduction in DNA or primer concentrations at reduced enzyme levels in the present RAPD experiments led to reduction in the number of fragments, indicating that enzyme became limiting. The same low DNA, primer and enzyme concentrations did not change product development in PCR reactions using both ML5 and ML6 primers (discussed below). RAPD reactions may demand a higher concentration of enzyme relative to DNA concentration than PCR reactions to maintain the diversity of products because RAPD reactions produce multiple products.
MgCl, is necessary for DNA polymerase activity. In RAPD reactions, to enhance the stability of primer annealing to the template, i.e. reduce the specificity of the reaction, concentrations above 2 rnM MgC1, have been used (Welsh & McClelland, 1990) . Results of the present study showed that the numbers of bands generated at any level of MgCI, in the 2-6 m~ range were altered independently by the source of the polymerase enzyme. This emphasizes the need for optimization and standardization of reaction conditions to ensure reliability.
Some fragments were lost in RAPD reactions when the denaturation temperature was raised from 91-92' to 94O, even for only the first one or two cycles. The small reduction in enzyme which may have occurred due to this temperature increase is unlikely to have caused the loss of product. The half-life of DNA polymerases is 130 and 40 min at 92-5' and 95' respectively (Lawyer et a/., 1989; Cetus Corporation, unpublished data; Biotech International, pers. corn.) . The amount of product was less than the product produced when half the enzyme concentration was used at the lower denaturation temperatures. In addition, production of some products was simultaneously increased. Reduction in the RAPD products may be explained by heat degradation of certain DNA segments at higher denaturation temperatures and the consequences of this for the exponential amplification of DNA products (Gustafson et al., 1993) . Such degradation would statistically favour breakage between the primer sites for large RAPD products over small ones, as for PCR products (Gustafson et al., 1993) . This is consistent with the results here for which loss of fragments greater than 1 kb was twice as frequent as those less than 500 b.
RAPD reactions may be distinguished from PCR reactions by the fact that they do not intentionally employ target specific primers. RAPD produces multiple products providing fingerprints which distinguished isolates of the different species and genera used here and for other fungi (Maclean et al., 1993; Megnegneau et al., 1993) . The present study indicated that RAPD reactions are sensitive to changes in reaction components and temperature conditions under which amplifications are performed. The multiple products of the RAPD reactions result from multiple primer annealing sites on the DNA. In PCR reactions a good match is formed between the primers and annealing sites although some mismatches may be tolerated. This may also be the case for RAPD reactions, although it is probable that much of the pattern observed in RAPD reactions is the result of mismatches. It is these mismatches that may contribute to the greater sensitivity of some RAPD fingerprint products to changes in the reaction mixture components and thermocycle conditions. The thermocycle conditions employed to generate RAPD fingerprints are similar to those of PCR. Furthermore, single and double primed RAPD reactions may be comprised of a mixture of true (Saiki ef al., 1988) PCR products, which are the products of primers binding to very specific sites within the DNA, as well as the products of non-specific binding that is considered a feature of RAPD reactions.
RAPD fingerprints generated by double primed reactions can produce products which are different from those of either single primer (Williams ef al., 1990) . In the present study ML5 and ML6 have been used for single and double primed reactions. They are consensus rather than site specific primers, for conserved regions of the mitochondrial ribosomal DNA -which have previously been used to group some basidiomycetes on the basis of variation in length of the intron between these primer binding sites (Bruns ef a] ., 1989; 1990; 1991) . RAPD reactions in which these primers were used singly generated multiple bands for all the isolates tested. Double primed reactions with L. laccafa and Hydnangium sp. template DNA yielded single products that varied in length for different fungi. By contrast multiple products were generated for R. solani ZGI-1. A reduction in DNA, enzyme and primer concentrations eliminated many fragments in single primed reactions for L. laccafa and Hydnangium sp. but did not eliminate the single bands of double primed reactions. The single bands are indicative of the specificity of these primers for sites in mitochondrial genomes. Most of the multiple bands for R. solani ZGI-I, ML5 and ML6 double primed reactions could be eliminated by decreasing the DNA, primer and enzyme concentrations. This indicated that the primers did not bind strongly to any site on the genomic DNA, compared with the binding to DNA of L. laccata, Hydnangium sp. and other R. solani ZG groups (unpublished data). This suggestion is further supported by evidence that more stringent thermocycle conditions also eliminated single primed RAPD fingerprints of R. solani, L. laccata and Hydnangium sp. and double primed RAPD fingerprints for R. solani. It is possible that there is a mutation causing mispriming at one of the conserved sites in R. solani ZG1-1 and that it may be responsible for the failure of R. sobni ZGI-1 to produce a stable band. That the intron of R. solani ZGI-1 may be small, is unlikely as size markers and fragments from other reactions as short as 35-40 b (smaller than a ML5-ML6 primer dimer) were routinely separated by the same gels. That the intron may be too large to be replicated is possible, although it must be greater than 4 kb as RAPD fragments larger than this were routinely observed in these and other reactions. Bruns ef al. (1989, 1990, 1991) suggested that absence of a product for this primer pair may be due to a large intron between these two primer sites.
Fluorescent dye labelled primers reduced or eliminated visible product of some fragments and increased that of others -on non-denaturing acrylamide gels stained with ethidium bromide. Reduced detectability of some fragments in these fingerprints is possibly the result of the influence of the fluorescent tag on the binding of the primer to template DNA. For more detailed analysis of characters, and increased resolution and discrimination among fragments of similar size that are not necessarily revealed on 4 . 5 4 % acrylamide gels, fluorescently labelled fragments can be analysed by a computerized model. One of the advantages of the technique was its capacity to distinguish qualitatively fragments of very similar size. Another characteristic was that the relative quantity of each fragment can be measured. The differences in relative abundance able I) of bands of a particular molecular weight may be indicative of copy number of a particular template. Conventional analysis of RAPD data has enabled a range of fragments of widely different molecular weights to be analysed by gel electrophoresis (Williams ef al., 1990) . Previously, Genescan analysis has been shown to accommodate RAPD fragments up to about 500 b (ABI, pers. comm.). The present study showed Genescan technology can be extended to analyse qualitatively and quantitatively fragments up to 2 kb in length. This is advantageous for RAPD analysis because they frequently have such larger fragments.
The results showed that RAPD reactions can be defined provided that the components of the reaction mixture are standardized and that the entire temperature profile is accurately reproduced. Anecdotal and published (Weeden ef al., 1992) concern about the transferability of RAPD results between laboratories is countered by these results.
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